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NoveltyMechanical stimulation in terms of fluid‐induced wall shear stress (WSS) can affect the activity of cells. In tissue engineering experiments in vitro, bioreactors have been used for applying WSS on cells. To determine the loading conditions within bioreactors and to design tissue engineering products (e.g., scaffolds, bioreactors), in silico models are usually used. Previous in silico studies in bone tissue engineering (BTE) have focused on quantifying the WSS on cells and how it affects appositional tissue growth within scaffolds. However, many tissue engineering experiments in vitro also show interstitial tissue formation (i.e., tissue infiltrated in the pores rather than growing on the struts) that will influence the mechanical stimulation on cells, but is neglected in the simulation. In this study, we use a multiscale fluid‐solid interaction model to quantify the mechanical stimulation (i.e., WSS and mechanical strain) on cells under interstitial tissue formation, based on a previously reported BTE experiment. This is the first study, which reveals the mechanical stimulation on cells under interstitial tissue growth within scaffold. The output from this study offers an insight of the WSS changes during interstitial tissue growth under a constant perfusion flow rate in BTE experiment. Furthermore, the WSS range obtained from this study has paved the way for optimising the local micro‐fluidic environment for interstitial tissue mineralisation through either designing the local scaffold geometry or adjusting the bioreactor loading condition.

1. INTRODUCTION {#cnm3342-sec-0003}
===============

In bone tissue engineering (BTE), cells seeded onto porous scaffolds can be stimulated to mineralise their extracellular matrix (ECM) by fluid‐induced wall shear stress (WSS).[^1^](#cnm3342-bib-0001){ref-type="ref"} To achieve this, bioreactors have been used in vitro to apply flow‐induced WSS on cells within scaffolds.[^2^](#cnm3342-bib-0002){ref-type="ref"} Among different types of bioreactors, perfusion bioreactors, which can perfuse the medium through the cell‐seeded scaffold, have commonly been used due to their capability to generate a uniformly distributed flow comparing to other bioreactors (e.g., spinner flask and rotating wall vessel).[2](#cnm3342-bib-0002){ref-type="ref"}, [3](#cnm3342-bib-0003){ref-type="ref"} The flow‐induced WSS at the level of the cells, however, is dependent on many factors, for example, scaffold permeability, scaffold micro‐structural geometry, fluid viscosity, etc. Computational models (e.g., computational fluid dynamics \[CFD\], multiphasic finite element \[FE\]) have been used for calculating the local WSS for a variety of applied flow rates.[4](#cnm3342-bib-0004){ref-type="ref"}, [5](#cnm3342-bib-0005){ref-type="ref"}, [6](#cnm3342-bib-0006){ref-type="ref"}, [7](#cnm3342-bib-0007){ref-type="ref"}, [8](#cnm3342-bib-0008){ref-type="ref"} In most previous CFD analyses, the models merely included the empty scaffold geometries which were obtained either from computer aided design (CAD) or micro‐computer tomography (μCT) scanning images.[7](#cnm3342-bib-0007){ref-type="ref"}, [8](#cnm3342-bib-0008){ref-type="ref"}, [9](#cnm3342-bib-0009){ref-type="ref"}, [10](#cnm3342-bib-0010){ref-type="ref"}, [11](#cnm3342-bib-0011){ref-type="ref"} It was assumed that cells were initially attached flatly onto the scaffold surface prior to ECM deposition with the underlying assumption that the solid volume of cells was negligible and would not affect the fluid flow comparing to that in the empty scaffold.[7](#cnm3342-bib-0007){ref-type="ref"}, [9](#cnm3342-bib-0009){ref-type="ref"}, [10](#cnm3342-bib-0010){ref-type="ref"}, [11](#cnm3342-bib-0011){ref-type="ref"} Such models were then for example used to calculate a flow rate, which could generate a local WSS distribution in the range for stimulating the cells, for example, 0.1 to 10 mPa for supporting the differentiation of mesenchymal stromal cells (MSCs) towards the osteogenic lineage.[^12^](#cnm3342-bib-0012){ref-type="ref"} In tissue engineering experiments, however, the scaffold pores are gradually filled by newly formed tissue, which will lead to a change in the fluid velocity and the WSS over time.[6](#cnm3342-bib-0006){ref-type="ref"}, [13](#cnm3342-bib-0013){ref-type="ref"}, [14](#cnm3342-bib-0014){ref-type="ref"} In order to keep the mechanical stimulation within a range favourable for the cells, the fluid flow should be adapted accordingly over time.

For tissue formation within scaffolds, two different types can be distinguished: (a) appositional growth and (b) interstitial growth. Appositional tissue growth occurs when the cells are flatly attached to the scaffold surfaces and deposit ECM underneath themselves, so that ECM production results in a thickening of the scaffold struts.[10](#cnm3342-bib-0010){ref-type="ref"}, [15](#cnm3342-bib-0015){ref-type="ref"}, [16](#cnm3342-bib-0016){ref-type="ref"} In interstitial tissue growth, the cells attach across the pores and produce ECM that will gradually infiltrate the void of the scaffold pores.[9](#cnm3342-bib-0009){ref-type="ref"}, [17](#cnm3342-bib-0017){ref-type="ref"}, [18](#cnm3342-bib-0018){ref-type="ref"} For either of the tissue formation types, the overall scaffold permeability is decreasing with the filling of the pores, so through a reduction in porosity.[19](#cnm3342-bib-0019){ref-type="ref"}, [20](#cnm3342-bib-0020){ref-type="ref"} This would lead to changes in the WSS sensed by the cells.[^6^](#cnm3342-bib-0006){ref-type="ref"} Estimation of the WSS based on the empty scaffold geometry is not accurate anymore to determine the mechanical stimulation at later time points.

Recent computational (in silico) studies have quantified the mechanical stimulation of cells in models that included appositional tissue growth within the scaffold.[6](#cnm3342-bib-0006){ref-type="ref"}, [13](#cnm3342-bib-0013){ref-type="ref"}, [14](#cnm3342-bib-0014){ref-type="ref"} For instance, it was found that the average WSS on the tissue was increased from 3.4 to 5.0 mPa with an increase of tissue volume fraction of 50% within an arbitrary scaffold with square pore shapes.[^6^](#cnm3342-bib-0006){ref-type="ref"} Other recent computational studies, however, have shown that fluid flow can cause considerable single cell deformation for cells bridging across the pores.[21](#cnm3342-bib-0021){ref-type="ref"}, [22](#cnm3342-bib-0022){ref-type="ref"} For example, a fluid velocity of 100 μm/s can result in a cell strain up to almost 18%,[^21^](#cnm3342-bib-0021){ref-type="ref"} suggesting that such fluid flow rates can cause strains high enough to stimulate the osteogenic differentiation of adipose‐derived stem cells according to Virjula et al.[^23^](#cnm3342-bib-0023){ref-type="ref"} However, the resultant strain of cells embedded in the interstitial tissue under perfusion flow is still unknown. Furthermore, in addition to the potential cellular strain, the interstitial tissue growth will also increase the fluid flow due to the lower permeability, hence resulting in a higher WSS. Furthermore, according to the computational quantification of the mechanical stimulation (WSS and mechanical strain in cells), the cells that infiltrated or bridged the pores receive higher mechanical stimulation than those flatly attached on the struts surface.[^21^](#cnm3342-bib-0021){ref-type="ref"} Differences in attachment (bridged vs flatly attached) will result in differences in tissue formation (interstitial vs appositional).[^24^](#cnm3342-bib-0024){ref-type="ref"} Interstitial tissue growth can potentially have a much more dramatic effect on the cell stimulation than appositional tissue filling. Therefore, computational models based on either empty scaffolds or merely accounting for appositional tissue growth will not be likely to provide accurate predictions of mechanical stimulation in case of interstitial tissue growth. Yet it is still unclear if a change in mechanical stimulation over time due to interstitial tissue formation is substantial enough to result in cell WSS and strain values beyond the range that is required for optimal stimulation of cells in BTE in vitro.

This study employs a computational multiscale fluid‐solid interaction (FSI) approach to quantify the mechanical stimulation (ie, WSS and strain) that the cells might be subjected to with interstitial tissue formation. Our computational investigation was based on a previous BTE experiment (e.g., bioreactor setup, flow rate, scaffold geometric features, volume fractions of tissue and mineralised bone tissue). Therefore, the overall aim of this study is to quantify the changes in mechanical stimulation of cells due to interstitial tissue formation in a perfusion bioreactor environment.

2. METHODS {#cnm3342-sec-0004}
==========

2.1. Previously reported bone tissue engineering experiment {#cnm3342-sec-0005}
-----------------------------------------------------------

This computational study was based on a previously published BTE experiment that used a cylindrical scaffold made from β‐tricalcium phosphate (β‐TCP) ceramic with a central channel through which it was perfused.[^18^](#cnm3342-bib-0018){ref-type="ref"} The porous region had a regular and spherical pore shape with an average pore diameter of 530 μm and a homogeneous porosity of 75%. In the experiment, a perfusion flow rate of 3 mL/min was applied through a peristaltic pump (Figure [1](#cnm3342-fig-0001){ref-type="fig"}). In a previous study, it was reported that β‐TCP the ceramic scaffold with a porosity of 75% has an overall Young\'s modulus of 48.7 MPa.[^25^](#cnm3342-bib-0025){ref-type="ref"} Therefore, the scaffold deformation under perfusion flow was ignored in this study.

![Setup of the bone tissue engineering experiment (adapted from Reference [18](#cnm3342-bib-0018){ref-type="ref"})](CNM-36-e3342-g001){#cnm3342-fig-0001}

In their study,[^18^](#cnm3342-bib-0018){ref-type="ref"} Li et al found that the cells were flatly attached at the scaffold struts surfaces at day 0, while at day 28, interstitial cells and ECM formed with a volume fraction of 50% (cells plus ECM). As shown in the histological images (Figure [2A](#cnm3342-fig-0002){ref-type="fig"}), the tissue displayed a wide variety of morphologies at day 28.

![A, Histological images that show the observed morphologies of cell/ECM within the scaffold at day 0 and day 28 (adapted from Reference [18](#cnm3342-bib-0018){ref-type="ref"}), B, idealised morphologies of cell/ECM at day 0 and day 28 for the computational model. ECM, extracellular matrix](CNM-36-e3342-g002){#cnm3342-fig-0002}

2.2. Multiscale computational model {#cnm3342-sec-0006}
-----------------------------------

To quantify the mechanical stimulation received by the cells, a multiscale computational model based on a previous developed multiscale CFD model[^26^](#cnm3342-bib-0026){ref-type="ref"} was used. The micro models represented a unit scaffold pore infiltrated with cells and ECM, while the macro model represented the full scaffold (Figure [3](#cnm3342-fig-0003){ref-type="fig"}).

![Flowchart of the multiscale computational model for computing the mechanical stimulation on cells (adapted from Reference [26](#cnm3342-bib-0026){ref-type="ref"})](CNM-36-e3342-g003){#cnm3342-fig-0003}

In this study, the cell/ECM mixture was homogenised (Figure [3](#cnm3342-fig-0003){ref-type="fig"}) and modelled as a hyperelastic solid. Based on the tissue morphologies exhibited in the histological images (e.g., Figure [2A](#cnm3342-fig-0002){ref-type="fig"}), also considering one or more processes attaching on the struts to support the interstitial tissue, we identified nine basic morphologies of the interstitial cell/ECM. According to the results in Li et al,[^18^](#cnm3342-bib-0018){ref-type="ref"} the tissue occupied 50% of the porous volume. To recreate the tissue with a volume fraction of 50%, nine morphologies were created by CAD in ANSYS DesignModeler (ANSYS, Inc., Pennsylvania, USA) with the specific dimensions in the [Appendix](#cnm3342-supitem-0001){ref-type="supplementary-material"} S1. At day 0, no interstitial tissue was assumed, instead, a uniform cell layer attached to the strut surface with a thickness of 5 μm was modelled (day 0 in Figure [2B](#cnm3342-fig-0002){ref-type="fig"}). The cell layer geometry was also constructed by CAD in ANSYS DesignModeler. A CFD analysis was performed in ANSYS CFX for all the nine micro models to calculate their permeability. Afterwards, their average permeability was specified to the macro model, from which the pressure distribution within the homogenised global scaffold was obtained by a second CFD analysis at the global scaffold level. The calculated pressure was then used as input for a FSI analysis of the micro models to compute the mechanical stimulation on the cell/ECM (Figure [4B](#cnm3342-fig-0004){ref-type="fig"}). As the global scaffold was axisymmetric, which would result in an axisymmetric distribution of fluidic environment, only twelve locations (L1‐L12 in Figure [4A](#cnm3342-fig-0004){ref-type="fig"}) were needed to represent a large part of the scaffold. As in each location ( Lj, j = 1, 2, ..., 12), nine possible morphologies for the pore unit cell were possible (Figure [2B](#cnm3342-fig-0002){ref-type="fig"}), a total of 108 micro FSI analyses were performed for day 28. Therefore, the mechanical stimulation (e.g., WSS and mechanical strain) was calculated for two time points (day 0 and day 28). Furthermore, statistical analysis was performed to test if there was significant difference among different morphologies on the WSS (in [Appendix](#cnm3342-supitem-0001){ref-type="supplementary-material"} S1).

![Loading and boundary conditions of A, the macro computational fluid dynamics model of the global scaffold, the black area is the cross section of the whole scaffold, in which 12 locations are selected; B, local fluid‐solid interaction model (micro model of scaffold unit) at location Lj in the global scaffold (L1‐L12)](CNM-36-e3342-g004){#cnm3342-fig-0004}

In the macro CFD model, the free fluid domain in the central region followed the Navier‐Stokes equation:$$\mspace{-212mu}\left\{ \begin{matrix}
{\nabla \bullet \mathbf{v} = 0\mspace{248mu}} \\
\begin{matrix}
 \\
 \\
\end{matrix} \\
{\frac{\partial\mathbf{v}}{\partial t} + \mathbf{v} \bullet \nabla\mathbf{v} = - \nabla p + \mu\nabla^{2}\mathbf{v}} \\
\end{matrix} \right.\text{in}\ \Omega_{f},$$where **v** is the fluid velocity vector; *μ* is the medium dynamic viscosity (*μ* = 1.4 mPa·s for medium α‐MEM supplemented with 10% fetal bovine serum and 1 wt% dextran[^27^](#cnm3342-bib-0027){ref-type="ref"};) Ω~*f*~ represents the free fluid domain (Figure [4A](#cnm3342-fig-0004){ref-type="fig"}).

The porous media domain followed the Darcy equation:$$\mspace{-194mu}\left\{ {\begin{matrix}
\begin{matrix}
{\nabla \bullet {\langle\mathbf{v}\rangle} = 0\mspace{194mu}} \\
 \\
 \\
\end{matrix} \\
{\frac{\mu}{\kappa}{\langle\mathbf{v}\rangle} + \nabla{\langle p\rangle} = 0\mspace{140mu}} \\
\end{matrix}\text{in}\ \Omega_{p}} \right.,$$where 〈**v**〉 is the Darcy velocity (average fluid velocity); 〈*p*〉  is the average pressure; *κ* is the permeability of the porous domain Ω~*p*~ (Figure [4A](#cnm3342-fig-0004){ref-type="fig"}).

The permeability (*κ*) of the porous domain was derived from the micro CFD models at day 0 and 28, respectively. For day 28, the global permeability was obtained by averaging the permeabilities of nine different morphologies (Figure [2B](#cnm3342-fig-0002){ref-type="fig"}).

To compute the resultant mechanical strain in the cell/ECM, the FSI approach was applied to the micro model. The cell/ECM was modelled as a hyperelastic (Neo‐Hookean) material with strain energy density function according to previous cellular mechanics model:[^28^](#cnm3342-bib-0028){ref-type="ref"} $$W = C_{1}\left( {\overline{I_{1}} - 3} \right) + \frac{1}{D_{1}}\left( {\det\left( \mathbf{F} \right) - 1} \right)^{2},$$where *W* and **F** are the strain energy density and deformation gradient, respectively; *Ī* ~1~ is the first invariant of the right Cauchy‐Green deformation tensor, which can be derived from:$$\overline{I_{1}} = \left( {\det\left( \mathbf{F} \right)} \right)^{- \frac{2}{3}}I_{1} = \left( {\lambda_{1}\lambda_{2}\lambda_{3}} \right)^{- \frac{2}{3}}\left( {\lambda_{1}^{2} + \lambda_{2}^{2} + \lambda_{3}^{2}} \right),$$where *λ* ~1~, *λ* ~2~ and *λ* ~3~ are the principal stretches.

In Equation [(3](#cnm3342-disp-0003){ref-type="disp-formula"}), *C* ~1~ and *D* ~1~ are material constants, which were calculated using Equations [(5](#cnm3342-disp-0005){ref-type="disp-formula"}) and ([6](#cnm3342-disp-0006){ref-type="disp-formula"}), respectively:$$C_{1} = \frac{G}{2} = \frac{E}{4\left( {1 + \vartheta} \right)},$$and$$D_{1} = \frac{1}{K} = \frac{3\left( {1 - 2\nu} \right)}{E},$$where *G*, *E* and *K* are shear modulus, Young\'s modulus and bulk modulus, respectively, and *ν* is the Poisson\'s ratio. In our study, the cell/ECM was defined as an almost incompressible material with a Young\'s modulus *E* of 3 kPa and Poisson\'s ratio *ν* of 0.49 (*G* = 0.5 kPa, *K* = 50 kPa).[^29^](#cnm3342-bib-0029){ref-type="ref"}

In the local FSI model (micro model), six faces were defined as open boundaries loaded by pressure derived from the global CFD model (Figure [4B](#cnm3342-fig-0004){ref-type="fig"}). The cell/ECM surfaces formed the fluid‐solid interface between the CFD and FE domains and this two‐way FSI analysis followed a staggered iteration approach. Specifically, the Navier‐Stokes equation (Equation [\[1](#cnm3342-disp-0001){ref-type="disp-formula"}\]) was solved and the resulting fluid stress tensor acting at fluid‐solid interfaces was applied as the boundary condition on the solid domain (cell/ECM), where resulting deformations were relayed back to the fluid domain and the solution continued through further iterations until a convergence criteria (i.e., root mean square \[RMS\] residual of momentum and mass \< 1.0 × 10^−4^) was reached. The fluid domain was meshed by a tetrahedron method with a patch conforming algorithm. Similar as Zhao et al,[^7^](#cnm3342-bib-0007){ref-type="ref"} a local‐curvature‐dependent mesh was applied for controlling the element size. Specifically, the mesh was subdivided in curved regions until the normal vector of neighbouring surfaces was within 36° (minimum element edge length = 1.9 μm) as introduced in Zhao et al.[^7^](#cnm3342-bib-0007){ref-type="ref"} Finally, the model was solved in steady state by ANSYS CFX solver under the convergence criteria of RMS residual of momentum and mass \< 1.0 × 10^−4^.

3. RESULTS {#cnm3342-sec-0007}
==========

3.1. Permeability of scaffold {#cnm3342-sec-0008}
-----------------------------

The permeability of the scaffold at day 0 was calculated as 2.0 × 10^−9^ m^2^. At day 28, different cell/ECM morphologies resulted in different scaffold permeabilities, although the volume fraction was constant (Figure [5](#cnm3342-fig-0005){ref-type="fig"}). The permeability of the unit scaffold infiltrated with different cell/ECM morphologies varied from 1.39 × 10^−10^ to 4.58 × 10^−10^ m^2^. The whole scaffold (macro‐level) was homogenised and modelled as a porous medium that follows Darcy\'s law. The permeability of the homogenised scaffold was defined as 2.90 × 10^−10^ m^2^, which was the average permeability of the nine (micro‐level) unit scaffolds.

![Permeability of the scaffold influenced by nine different morphologies at day 28](CNM-36-e3342-g005){#cnm3342-fig-0005}

3.2. Cellular mechanical stimulation {#cnm3342-sec-0009}
------------------------------------

From the micro FSI model, it was found that the maximum mechanical strain at day 0 was negligible (average: 6.1 × 10^−15^) (Figure [6A](#cnm3342-fig-0006){ref-type="fig"}). The average WSS on the cell surface (without ECM at day 0) varied from 0.29 to 3.91 mPa, depending on the locations in the scaffold (Figure [7A](#cnm3342-fig-0007){ref-type="fig"}). For instance, the cell layer at location L1 was exposed to the highest WSS (i.e., 3.91 mPa), while the cells at location L12 experienced the lowest WSS (i.e., 0.29 mPa) at day 0 (Figure [7A](#cnm3342-fig-0007){ref-type="fig"}). When considering all twelve locations, the average WSS was 1.53 mPa at day 0.

![Wall shear stress and equivalent elastic strain distribution on cell layer at day 0 and those on interstitial cell/extracellular matrix of morphology 6 and 7 at day 28 at location L1](CNM-36-e3342-g006){#cnm3342-fig-0006}

![Average wall shear stress on cell/extracellular matrix at 12 locations (L1‐L12) within scaffold at A, day 0 and B, day 28](CNM-36-e3342-g007){#cnm3342-fig-0007}

At day 28, the resultant mechanical stimulation of the tissues largely depended on the location and the interstitial morphology (nine types in our study). The maximum value of the equivalent elastic strain was found for morphology 6 at location L1, however, the value (1.4 × 10^−14^) was still very low (Figure [6](#cnm3342-fig-0006){ref-type="fig"}).

The average WSS on the cell/ECM mixtures at day 28 largely depended on both the locations in the global scaffold and the tissue morphologies. As expected higher WSS was found for the regions near the inlet as the fluid pressure there was higher, resulting in larger pressure gradients, than at the bottom of the channel. Overall, the WSS varied from 0.88 to 16.16 mPa (Figure [7B](#cnm3342-fig-0007){ref-type="fig"}) with an average value of 5.735 mPa. The highest WSSs were found for morphology 6 at location L1, while the lowest WSSs were found for morphology 7 at location L12 (Figures [6](#cnm3342-fig-0006){ref-type="fig"} and [7B](#cnm3342-fig-0007){ref-type="fig"}). The WSS variation due to different tissue morphologies was in the range of 2% to 33% of the average. The variation in WSS due to location in the global scaffold, however, was higher and ranged from 4% to 153% of the average WSS per model. Moreover, it was found that the morphology had a more distinct influence on the WSS in the upper region (i.e., L1‐3, 5‐7 and 9‐11 in Figure [7](#cnm3342-fig-0007){ref-type="fig"}) than that in the bottom region (i.e., L4, 8 and 12 in Figure [7](#cnm3342-fig-0007){ref-type="fig"}) in the global scaffold. The cell/ECM mixtures in the upper region close to the medium flow channel (i.e., L1‐4 in Figure [7](#cnm3342-fig-0007){ref-type="fig"}) were subjected to a much higher WSS than those in the region further from the medium channel (i.e., L5‐12 in Figure [7](#cnm3342-fig-0007){ref-type="fig"}).

To analyse the WSS at day 0 and 28, we calculated the WSS from all the cases based on the assumption that (a) at day 0, 1 morphology would occur at each location (12 locations in total) and (b) at day 28, nine morphologies had an equal chance to occur at each location (108 cases in total). Based on all these WSS results, a histogram of the WSS for the full specimen at day 0 and 28 was shown in Figure [8](#cnm3342-fig-0008){ref-type="fig"}. Afterwards, a WSS range of 1.530 to 5.735 mPa, which were the average WSS from day 0 to 28 in Figure [7](#cnm3342-fig-0007){ref-type="fig"} was applied to the histogram (i.e., overall WSS distribution) in Figure [8](#cnm3342-fig-0008){ref-type="fig"}. It has been found that the majority of WSS was distributed within the range of 1 to 6 mPa (a close superset of 1.530‐5.735 mPa) with a frequency of 67.5%.

![Histogram of the overall WSS distribution: the blue arrow represents the change in average WSS from day 0 to day 28 that increases from 1.530 to 5.735 mPa; the red box represents the WSS of 1 to 6 mPa, which occupies a frequency of 67.5%. WSS, wall shear stress](CNM-36-e3342-g008){#cnm3342-fig-0008}

4. DISCUSSION {#cnm3342-sec-0010}
=============

This study quantified the mechanical stimulation on cell/ECM mixtures in an in vitro BTE experiment by a multiscale computational approach. It was found that the average WSS increased from 1.530 to 5.735 mPa when 50% of the pore volume was infiltrated by the interstitial tissue. A narrow superset of this average WSS range (i.e., 1‐6 mPa) has a peak probability (i.e., 67.5%) in the overall WSS distribution with 32.5% out of this range. This level of WSS was in agreement with values reported to be adequate for cell stimulation: 0.1 to 10 mPa for stimulating the MSCs to differentiate towards the osteogenic lineage[^12^](#cnm3342-bib-0012){ref-type="ref"} and 0.55 to 24 mPa for stimulating the mineralisation of the ECM.[^9^](#cnm3342-bib-0009){ref-type="ref"}

The actual WSS was not constant but depended on three factors. The first one was the amount of interstitial tissue. When the pore volume was filled by interstitial tissue with a fraction increasing from 0% to 50%, the average WSS increased from 1.530 to 5.735 mPa when 50% of the pore volume was infiltrated by the interstitial tissue. A narrow superset of this average WSS range (i.e., 1‐6 mPa) has a peak probability (i.e., 67.5%) in the overall WSS distribution with 32.5% out of this range. This level of WSS was in agreement with values reported to be adequate for stimulating the MSCs to differentiate towards the osteogenic lineage (0.1‐10 mPa)[^12^](#cnm3342-bib-0012){ref-type="ref"} and for stimulating the mineralisation of the ECM (0.55‐24 mPa).[^9^](#cnm3342-bib-0009){ref-type="ref"} The second factor that influenced the actual WSS was the interstitial tissue morphology. According to our analysis (Figure [7](#cnm3342-fig-0007){ref-type="fig"}), the differences in morphology could lead to a 10‐fold variation in the resultant WSS. A previous computational study quantified the WSS on single cells with different morphologies within a scaffold with regular geometry under perfusion flow.[^21^](#cnm3342-bib-0021){ref-type="ref"} It was found that the WSS on cells also showed a 10‐fold difference among different single cell morphologies (i.e., flat cell and round cell).[^21^](#cnm3342-bib-0021){ref-type="ref"} However, they indicated that with cell proliferation and ECM production, the influence of cell/tissue morphology on resultant WSS would approximately be constant. Thirdly, the WSS on cells also can be affected by the location within the scaffold. In a special scaffold, due to the special cell/ECM at different locations received different WSS with higher values when situated closer to the medium channel (e.g., average WSS at L1‐L4 = 10.16 mPa, average WSS in other regions = 3.52 mPa). This location‐dependent phenomenon was also observed in other studies, in which homogenous scaffolds were exposed to the uniform perfusion flow.[10](#cnm3342-bib-0010){ref-type="ref"}, [21](#cnm3342-bib-0021){ref-type="ref"} However, the histological image in reference [18](#cnm3342-bib-0018){ref-type="ref"} did not show a clear location‐dependent mineralisation pattern (Figure [2A](#cnm3342-fig-0002){ref-type="fig"}). One of the potential reasons for this could be that the WSS in any location was within the range for stimulating mineralisation. For instance, Vetsch et al found that any WSS within the range of 0.55 to 24 mPa would stimulate the cells producing mineralised ECM.[^9^](#cnm3342-bib-0009){ref-type="ref"} Comparing to the results in our study, the majority of the WSS was within this range at day 0, and at day 28 all of the WSS were within this range.

Our study showed that the mechanical strain in the tissue due to the fluid flow was negligible and much lower than values reported to have an effect on osteogenic differentiation of MSCs.[^30^](#cnm3342-bib-0030){ref-type="ref"} However, a previous computational study found that this could be different for single cells which could be highly deformed under perfusion flow.[^21^](#cnm3342-bib-0021){ref-type="ref"} For instance, when the WSS on a single cell reached 250 mPa, the resultant equivalent elastic strain could be up to 17%.[^21^](#cnm3342-bib-0021){ref-type="ref"} Comparing to the WSS and strain results in our study, even if the WSS were increased to 250 mPa, the strain still was not likely to reach a 10% level. The potential reason for this difference between mechanical strain in interstitial tissue and single cells could be that the higher volume of tissue made the cell/ECM structure stiffer, such that it could resist the external force, while the single cell structure was less rigid. Although increasing the flow rate could result in higher mechanical strains in the cell/ECM mixture, the WSS would also increase with the flow rate, leading to a WSS beyond the range for stimulating mineralisation. Therefore, as an implication to future tissue engineering experiments with perfusion bioreactors, loading optimisation of a bioreactor at early phase (e.g., days 1‐3) needs to consider both WSS and mechanical strain as an effective mechanical stimulation that may have influence on cell activities. However, at a later phase (e.g., after 1 week), such flow rate optimisation only needs to be focused on WSS on cells rather than the resultant mechanical strain.

The major limitation of this study was that the computational model was merely based on one experiment by Li et al.[^18^](#cnm3342-bib-0018){ref-type="ref"} The reason for this choice was based on the availability of the required information within one study, to correlate the experimental setup with the results. This study by Li et al[^18^](#cnm3342-bib-0018){ref-type="ref"} has provided the required details on scaffold geometry and external loading to calculate the mechanical stimulation within the scaffold, also observational results (e.g., interstitial tissue volume) that were required for the computational model. However, in this study, very limited data was available about the interstitial tissue morphology and volume distribution within scaffold during the experiment. For this reason, only nine interstitial micro‐morphologies were created artificially. Although other morphologies are possible as well, these nine cases were found to well represent the overall distribution as seen in the experiment of Li et al.[^18^](#cnm3342-bib-0018){ref-type="ref"} Although these may deviate from the actual morphologies, we expected that they would provide a reasonable estimation. In addition, the limit of the mineralised tissue distribution within scaffold has prevented from correlating the numerical results (e.g., WSS) to the mineralised tissue volume at specific location. However, according to Li et al,[^18^](#cnm3342-bib-0018){ref-type="ref"} no significant difference of mineralisation was observed in different regions within scaffold. Therefore, we used the average level of WSS throughout the scaffold to correlate with the total mineralised tissue volume within the scaffold. Second, cells and ECM were homogenised and modelled with a hyperelastic constitutive material model. In reality, cell and ECM are porous elastic materials that allow fluid perfusing through it.[13](#cnm3342-bib-0013){ref-type="ref"}, [31](#cnm3342-bib-0031){ref-type="ref"} However, the permeability of cell/ECM is probably much less than that of the pores, for instance, Beno et al reported that cell permeability is much lower than the bone pore permeability (cells: 10^−22^‐10^−19^ m^2^ vs bone: 10^−10^ m^2^).[^32^](#cnm3342-bib-0032){ref-type="ref"} So, the error when assuming hyperelastic constitutive material behaviour is expected to be small. Furthermore, we used constant mechanical properties for cell/ECM tissue, even though the ECM may become stiffer over time due to increased mineralisation. However, the mechanical strain in the cell/ECM tissue before mineralisation (e.g., 10^−15^‐10^−14^) was already below the level for stimulating osteogenesis or mineralisation (e.g., 10^−2^ [^30^](#cnm3342-bib-0030){ref-type="ref"}) such that further stiffening is not expected to change our results. Third, in our study, the scaffold was idealised into one assembled by many repeating unit cells. Although the real scaffold in the experiment had a regular pore shape and geometry (Figure [1](#cnm3342-fig-0001){ref-type="fig"}), a variation in pore diameter in the range of 350 ± 100 μm was reported. According to the results in Reference [11](#cnm3342-bib-0011){ref-type="ref"}, such variation in pore size may lead to variations in the local WSS. The average WSS values, however, should not be affected much by such variations. One possible approach to address this issue would be image‐based modelling, in which the CFD model is built based on a real scaffold geometry, for example constructed from μCT scanning images.

5. CONCLUSION {#cnm3342-sec-0011}
=============

Under mechanical stimulation by perfusion flow, the WSS sensed by the cells in porous scaffold is highly dependent on: (a) the volume of the present tissue, (b) the morphology of the interstitial tissue and (c) the locations within scaffold. To obtain a more accurate correlation between WSS and mineralised bone tissue formation, it is suggested to conduct the numerical‐experimental correlation at specific locations within the scaffold. During tissue engineering, the tissue volume and morphology will change over time during culturing. Therefore, to keep proper stimulation over time, the flow rate may need adjustments during the culturing process. An experiment‐specific computational analysis, such as performed in the present study, can help in identifying optimal loading regimes. To achieve this, we suggest to determine the tissue growth type (i.e., interstitial or appositional) first, which then can be accounted for in the computational model. Furthermore, to generate the homogeneously distributed tissue volume throughout the whole scaffold, it is suggested to control the local mechanical stimulation by optimising the local geometric features (i.e., porosity and pore size) of scaffold.
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